Abstract
Introduction

24
Recent interests in proton exchange membrane fuel cell it is appealing to have a theoretical model which can pro-41 vide detailed understanding of the governing phenomena in-42 side the membrane. This motivates the present study, which 43 examines the water concentration and temperature within 44 membrane of PEMFCs.
45
In past decades, there have been numerous studies of 46 transport phenomena in PEMFCs. Bernardi [1] proposed a 47 one-dimensional model of water management with consid-48 eration of the membrane thickness. By using this model, it 49 was found that the diffusion in the water production and 50 evaporation rate in the PEMFC can result in the flooding of 51 the electrode or the membrane dehydration, and therefore af-52 fect the performance of the fuel cells. In addition, the effects 53 of the humidification on the current-voltage curves of the 54 fuel cells under various operating conditions were presented. 55 Springer et al. [2] developed an isothermal, one-dimensional, 56 steady-state model for the PEMFC with Nafion ® 117 [2] . 57 Diffusion, electro-osmotic drag and membrane conduction 58 were all taken into account. The results showed that the net 59 water-flux ratio under a typical operating condition is much 60 less than that within a fully-hydrated membrane. It was also 61 found that the membrane resistance is significantly enhanced 62 
Nomenclature
84
In the numerical analysis of Mosdale and Srinivasan [6] , 85 it was clearly seen that the large current density limit of fuel 86 cell is more for pure oxygen than for air used at the cathode 87 side. Voss et al. [7] proposed a new technique for water man-88 agement, by which it was found that if the back-diffusion 89 rate and the water concentration are increased, the water at 90 the cathode could be removed via the anode stream. Xie 91 and Okada [8] showed that the water transfer coefficient 92 of Nafion ® 117 membrane in the H + form was 2.6. The 93 Nafion ® 117 membrane has good performance for HCl so-94 lutions with a concentration that ranges from 0.003 to 1 N. 95 Additionally, it was also shown that the water transport be-96 haviour is related to the surface-change density, the hydra-97 tion enthalpy and the water content in the membrane.
98
By using a linear transport equation for water in the 99 PEMFC, detailed transport phenomena of the PEMFC, in-100 cluding diffusion and electro-osmotic drag effects, were an-101 alytically solved by Okada et al. [9, 10] . In these studies, 102 both semi-finite and finite boundaries were considered. The 103 predicted results showed that the current density, the wa-104 ter penetration parameters, the membrane thickness and the 105 diffusion coefficient of water are the key factors in determi-106 nation of the water content in the membrane. Foreign im-107 purities such as NaCl will cause a serious impact on the 108 water depletion at the anode side. Water supplied from the 109 anode side of the membrane is needed. Okada extended 110 the modelling to account of the effect of impurity ions 111 at both the anode and the cathode side of the membrane 112 [11, 12] . The results indicated that both the current density 113 and the membrane thickness are important parameters in 114 the water management of the membrane, especially when 115 the membrane surface has impurity ions. The distribution 116 of contaminant ions degrades the membrane and the per-117 formance of the fuel cell. Deterioration of cell performance 118 in the presence of non-uniform impurities in the membrane 119 is more serious than in the case of non-uniform impurities 120 distribution.
121
Thermal management in the direct methanol fuel cell 122 (DMFC) was investigated by Argyropoulos et al. [13, 14] 
Analysis
172
Consideration is given to a PEMFC in which the polymer 
178
(i) The transports are steady-state and one-dimensional.
179
(ii) The pressure is constant.
180
(iii) An ideal gas mixture is assumed.
181
(iv) Liquid water flux is only determined in the membrane.
182
(v) The volume of the membrane is constant. (vii) Heat loss to the surrounding environment is small and 186 can be neglected.
187
(viii) Joule-heating is considered to be to the membrane 188 ohmic resistance.
189
With the above assumptions, the governing equations for the 190 water balance can then be formulated as follows. 
Water transfer equation
192
In the membrane of a PEMFC, the water flux is com-193 posed of two components, namely, a diffusion flux and an 194 electro-osmosis flux [4, 5] . The latter is proportional to the 195 current density, i. The total water flux can then be described 196 by: 
For steady-state conditions, the above equation becomes:
Generally, the water transfer coefficient is a function of water 208 concentration, for example:
To simplify the analysis, only the first two terms, w given in [17] , then the above equation reduces to:
Here:
Energy equation 235
The energy equation is based on Fourier's law of heat 236 conduction; i.e., 
where M is the molecular weight of water. Substituting the 249 above equation into Eq. (9) gives:
By combining Eqs. (8) and (11), the above equation can be 255 simply expressed as:
Here the constant, A, B, and H are:
Similarly, the water transfer equation, Eq. (4), can be sim-262 plified as:
where: POWER 5792 1-11 Current density (A cm where: ν a is a factor expressing the rate of water entry at the 278 anode side of the membrane and is proportional to the cur-279 rent density; κ a is a factor characterizing the concentration-280 gradient-driven water flux into or out of the membrane; C Two types of boundary condition for the water concen-287 tration at the membrane-cathode interface are studied. One 288 is the constant water concentration: 
U N C O R R E C T E D P R O O F the other is a water-flux condition:
291 292 
Numerical method
306
The system of the governing equations mentioned above 307 is non-linear and is difficult to obtain an analytical solution. 308 In this work, the control volume finite difference method is 309 adopted to solve the non-linear, coupled ordinary differential 310 equations. The detailed solution scheme has been published 311 elsewhere [19] . To check the grid independence, solutions on 312 various grid systems are examined. In the separate numerical 313 runs, it is found that there are no differences among the with those of Okada et al. [9] . Through these preliminary 321 tests, it is found that the numerical method is suitable for 322 the present study. 
Results and discussion
324
In Section 2, several parameters appear in the formula- ter concentration distribution, Fig. 3(a) and (b) shows, re-329 spectively, the distribution of water concentration with or 330 without consideration of a variable diffusion coefficient. It 331 is seen that the water concentration increases with x/d. In 332 addition, a large water concentration is noted for a system 333 with a lower anode temperature T a . It is also found that 334 these are noticeable differences between the results with or 335 without consideration of variable diffusion coefficient. This 336 implies that the effects of a variable diffusion coefficient on 337 the water content in the membrane are of importance.
338
For thermal and water management in PEMFCs, the ther-339 mal effects of the anode and cathode temperatures (T a and 340 T c ) on the water concentration in the membrane may be im-341 portant. The effects of T a and T c on the water concentration 342 at a current density i = 0. shown in Fig. 4 . That data show that the water concentra- membrane. An overall inspection in Fig. 5 367 increases with an increase in T c . In fact, the local water con-368 centration, C(x), is a function of the operating temperatures, 369 T c and T a . As T c is raised, membrane dehydration occurs at 370 the anode side, but hydration occurs at the cathode side.
371
The dependence of the water concentration profiles on 372 the temperature at cathode side of the membrane (T c = 60 373 to 100 • C) is shown in Fig. 6 . Here the water concentration 374 at the cathode side of the membrane is kept constant. The 375 results show that at fixed T a a higher water concentration at 376 the anode side of the membrane is found in a system with 377 a higher T c . This is due to the fact that increasing T c will 378 markedly enhance the membrane hydration. That is, the back 379 diffusion of water to the anode side is significant at a high T c . 380 In order to realize how the current density affects the wa-381 ter content in the membrane, Fig. 7 presents the effects of 382 the current density i on the water concentration distribution 383 tends to become dehydrated as the current density is raised. 407 This is because that the electro-osmotic drag effect becomes 408 stronger as the current density is higher. It is also found in 409 the separate numerical runs that the membrane is much wet-410 ter for the system with a higher T c than that with a lower T c . 411 This is due to the temperature-dependence of the diffusion 412 coefficient.
413
The relationship between the current density and the tem-414 perature distribution is shown in Fig. 10 . It is clearly shown 415 in Fig. 10(a) that when the current density is raised, the tem-416 perature changes sharply at the anode side of membrane. For 417 example, when it is necessary to speed up a car, the current 418 density must go up. This will cause dehydration of the mem-419 brane, which, in turns, causes the temperature to increase 420 and become more non-uniform. Thermal expansion of the 421 membrane may become serious and lead to the breakdown 422 of the membrane. Therefore, the strength of the membrane 423 is a key factor for fuel cells operating under high current 424 density conditions.
425
The effect of the humidification parameter κ a on the wa-426 ter concentration at the anode and cathode sides with T a = 427 60 • C and i = 0.1 A cm −2 are shown in Fig. 11 . When 428 κ a is increased, water vapour enters the membrane more 429 freely from the anode gas-diffusion electrode through the 430 anode-membrane interface which, in turn, results in an in-431 crease in the water content. A careful inspection of Fig. 11 432 indicates that the water concentration changes sharply when 433 κ a is increased from 10 −3 to 10 −1 cm s −1 . But, for κ a > 434 10 −1 , the effect of κ a on the water content in the membrane 435 is insignificant.
436
The influence of the parameters of the electro-osmotic 437 drag at anode side (ν a ) on the water concentration at the an-438 ode and cathode sides is presented in Fig. 12 . It is observed 439 that the water concentration increases linearly with increase 440 in ν a . When ν a is increased, the water enters easily the mem-441 brane from the anode gas-diffusion electrode through the 442 anode-membrane interface and thus results in an increase 443 in the water content within the membrane. 
Conclusions
445
A detailed analysis of the thermal and water manage-446 ment in the PEMFC membrane with coupling effects of 447 mass diffusion and temperature gradient have been per-448 formed by using a one-dimensional mathematical model. 449 The thermal-mass diffusion coupling effects are taken into 450 account with consideration of the temperature-dependent 451 diffusivity. The model can predict the water distribution in 452 the membrane under different operating conditions. This is 453 useful for selecting the optimal membrane material and es-454 timating the gas-inlet temperature or working density in de-455 signing a PEMFC. The major findings in this study are sum-456 marized as follows.
457
(i) Increasing the temperature at the anode side of the 458 membrane can cause dehydration of the membrane.
459
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(ii) Increasing the current density will increase dehydration 
